We have investigated the effects of assimilating sea ice concentration (SIC) data on a simulation of Arctic Ocean climate using an atmosphere-ocean-sea ice coupled model. Our results show that the normal overestimation of summertime SIC in the East Siberian Sea and the Beaufort Sea in simulations without sea-ice data input can be greatly reduced by assimilating seaice data and that this improvement is also evident in a following hindcast experiment for 3−4 years after the initialization of the assimilation. In the hindcast experiment, enhanced heat storage in both sea ice and in the ocean surface layer plays a central role in improving the accuracy of the sea ice distribution, particularly in summer. Our detailed investigation suggests that the ice-albedo feedback and the feedback associated with the atmospheric pressure pattern generated by the improved estimation of SIC work more effectively to retain the heat signal after initialization for a coupled atmosphere-ocean-sea ice system prediction. In addition, comparison with field observations confirms that the model fails to produce a realistic feedback loop, which is (presumably) due to inadequacies in both the ice-cloud feedback model and the feedback via the Beaufort Gyre circulation. Further development of coupled models is thus required to better define Arctic Ocean climate processes and to improve the accuracy of their predictions.
Introduction
The Arctic Ocean climate system is largely characterized by the presence of sea ice. Recently, satellite and in-situ observations clearly identify a retreat of sea ice in the Arctic Ocean (e.g., Maslanik et al. 2007 ). Previous studies have so far reported the importance of (a) ice-albedo feedback (Curry et al. 1995) , (b) the sea level pressure pattern, and in particular the dipolar anomaly (e.g., Watanabe et al. 2006) , (c) ice-cloud feedback (Ikeda et al. 2003) , and (d) the warmer Pacific Summer Water (Shimada et al. 2006) . These four factors can enhance the impact of global warming. Such studies underline the importance of the positive feedback loop for sea ice reduction via both the atmosphere and the ocean that is required to advance our understanding of the mechanisms responsible for the variation in the Arctic Ocean climate. One promising approach to the investigation of coupled processes in this area of sea ice research makes use of sophisticated numerical models. However, current state-of-the-art simulation models
are not yet sufficiently advanced to be able to reproduce highlatitude processes adequately.
Data assimilation methods have recently focused on obtaining an optimal synthesis of observations and models for better descriptions of realistic physical processes. Their application successfully reduced the errors inherent in ocean-sea ice coupled simulations of the Arctic Ocean (e.g., Lindsay and Zhang 2006) . Therefore, the assimilation of observational sea-ice data represents a promising means of improving the atmosphere-ocean-sea ice coupled simulations. Moreover, since the data assimilation approach provides a dynamically interpolated dataset of observational data, analyses of the product by an atmosphere-ocean-sea ice coupled data assimilation system should offer more detailed information on the climate system in the Arctic Ocean.
In the present study, we perform twin experiments using an atmosphere-ocean-sea ice coupled model both with and without assimilation of the sea ice concentration (SIC) data, as a first step towards a better representation of the Arctic Ocean climate. We investigate the effects of assimilating sea-ice data on the simulation of the coupled system, and particularly on the reproduction of feedback processes responsible for the recent sea-ice reduction as indicated by the above studies. Following a description of the model and experiments in Section 2, the effects of assimilating sea-ice data on the coupled simulation will be investigated in Section 3. Summarizing comments and discussion will be presented in Section 4.
Model and experiments
The coupled atmosphere-ocean general circulation model (GCM) adopted in the present study is version 3.2 of the Model for Interdisciplinary Research On Climate (MIROC) developed at the Center for Climate System Research of the University of Tokyo, the National Institute for Environmental Studies, and the Japan Agency for Marine-Earth Science and Technology (Hasumi and Emori 2004) . The resolution of the atmospheric GCM used is horizontally the same as the commonly-used T42 spectral model and has 20 levels on a vertical sigma-coordinate. The resolution of the ocean GCM is 1.4° in longitude and 0.56−1.4° in latitude (finer around the equator) and has 44 vertical levels.
The sea ice model describes both the thermodynamics and the dynamics. The thermodynamical part is the zero-layer model of Semtner (1976) . In the dynamical part, the momentum equation and the equations of mass and concentration are taken from Mellor and Kantha (1989) . The treatment for lateral melting/freezing also follows the method of Mellor and Kantha (1989) , where SIC changes in line with an empirical factor based on a predicted change of sea ice mass due to melting or freezing. Internal ice stress is formulated by the elastic-plastic-viscous rheology (Hunke and Dukowicz 1997) . Sea surface temperature in the presence of sea ice remains at the freezing point. The salinity of sea ice is fixed at 5 psu, as is usually assumed for convenience. We assume This fact implies that not only the sea ice distribution but other variables are corrected by the assimilation of SIC data, as we shall discuss below. The net result is an improved reproduction of the summertime sea ice area in the HC_ICE run as shown in Fig. 2a . Figure 2b shows the time series of the reproduced sea ice volume for the Arctic Ocean in all cases considered here. In contrast to the sea ice area (Fig. 2a) , the difference in the sea ice volume between experiments with and without the assimilation of the sea-ice data (AS_CTL and AS_ICE) can be recognized throughout the year (thin lines). Considering the fact that the mean thickness of sea ice in the AS_CTL run is larger than the value derived from observations (e.g., Maslanik et al. 2007 ), especially in the East Siberian Sea (by ~1 m), the sea ice volume is considerably improved through the assimilation of the SIC data. This is attributed to a reduction in sea ice volume in the HC_ICE run relative to the HC_CTL run in the East Siberian Sea and the Beaufort Sea, where a positive model bias of the sea ice area exists (Fig.  1b) . The result that the SIC data assimilation greatly affects the thickness of sea ice in these regions is consistent with results from an earlier study based on an ocean-sea ice model (Lindsay and Zhang 2006) . In Fig. 2b , the sea ice volume anomaly induced by the assimilation decreases but remains for 3−4 years (green line). Note that, in addition to the long-term and roughly linear decrease of the sea ice volume anomaly, its tendency to increase can also be seen during each summer. We will consider this seasonal variation later.
Cause of improvement in the sea ice distribution a. Heat storage in sea ice and the ocean
The sea ice volume anomaly of approximately 3 × 10 12 m 3 for January 1993, which is used as an initial condition of the HC_ICE run, can be roughly converted into 10 21 J of heat. (Note that only the latent heat of sea ice melting is counted here since the sea ice model used has no heat capacity.) In addition to this anomalous heat storage in association with the sea ice volume anomaly, the heat storage in the ocean surface layer can be corrected by the assimilation. Figure 2c shows the time series of the ocean heat content anomaly. Note that sea ice volume is adjusted through the assimilation of the SIC data in a few months in 1990 (Fig. 2b) , whereas the ocean heat content is adjusted over a few years (purple line in Fig. 2c ). The correction to the sea ice area in summer generates a surface heat flux anomaly, whereas any surface heat flux anomaly in winter is small without the sea ice area anomaly. Accordingly, the adjustment of the ocean heat content is effected through advection and diffusion processes from the summer mixed layer warmed by this surface flux anomaly. After 3 years, the heat anomaly extends quite generally throughout the upper 200 m surface layer. This stands in contrast to the fact that assimilation of the SIC data is effective in regulating sea ice volume throughout the year. Hence, a longer adjustment time is needed for the ocean heat content relative to the sea ice volume case. Eventually, the ocean heat content anomaly amounts to approximately 10 21 J in 1993, comparable to the heat anomaly from sea ice. This result indicates that both the sea ice and the ocean surface layer play central roles in correcting the sea ice distribution through the storage of anomalous heat. The heat used to correct the summertime sea ice distribution is released to the atmosphere, whereas more sensible heat is released from the ocean beneath the thinner ice. Hence, the dissipation of the initialized heat storage anomaly is effected within the dual ocean-sea ice system. The fact that the heat content anomaly in the ocean surface layer remains for 3−4 years in the hindcast experiment (Fig. 2c) , as long as the sea ice volume is also maintained, is consistent with this result. a constant water turning angle of 25° (−25°) in the Northern (Southern) Hemisphere for the drag between sea ice and the ocean.
Firstly, we perform a data assimilation run during the period 1945−1999 (termed the AS_CTL run) by using historical data of natural and anthropogenic forcing. This experiment starts in 1945 using the initial condition derived from the climate change simulations of periods in the late 20th century (20C3M; Nozawa et al. 2005) . The optimal interpolation (OI) gridded data (Ishii et al. 2003) of observational oceanic subsurface temperature and salinity fields down to 700 m depth are assimilated into the coupled model by means of the incremental analysis update (IAU) method (Bloom et al. 1996) . This approach is basically the same as that performed by Sugiura et al. (2009) but the assimilation window is 1 month in this study. Note that data in the sea ice area (as provided either by the surface temperature data or by the coupled model) are not assimilated, since both of the sea ice distributions have errors so that a restoration of temperatures in such areas will readily generate significant artificial disturbances.
Secondly, we perform another data assimilation run ("AS_ ICE") which starts from the 1990 condition of the AS_CTL run. In this run, the SIC data of Ishii et al. (2003) are assimilated as well as the temperature and salinity data. Preliminary experiments suggested that assimilation of the SIC data may have had little effect when ice volume was conserved (i.e., sea ice thickness was taken to vary with change in sea ice area) since recovery via the sea ice dynamics overrode the weak assimilation approach adopted here. Hence, we assimilate the SIC data into the model by keeping its thickness constant (and thus its volume changes). Here, the total mass and salt are conserved by changing volume and salinity within the oceanic surface layer. In this experiment, sea ice velocity data are not used since the sea ice velocity assimilation experiment performed by Duliere and Fichefet (2007) found that the effect of this factor is not significant on time scales longer than a few months.
Finally, in order to investigate the impact of the initialization by the assimilation on our predictions, we perform hindcast experiments with initial conditions in 1993 from the AS_CTL and AS_ICE runs (hereafter "HC_CTL" and "HC_ICE" respectively). Note that the anomalies in sea ice distribution and volume (AS_ICE-AS_CTL) do not greatly vary during the 1990s. Figure  1a shows an outline of these experiments. Figure 1b shows that the simulated sea ice distribution obtained in the AS_CTL run overestimates the observed distribution (Ishii et al. 2003; contour) particularly in the East Siberian Sea and the Beaufort Sea. This bias is apparent in the time series of total sea ice area in the Arctic Ocean (Fig. 2a) , in which the sea ice area in the AS_CTL run (thin blue line) is larger than that observed (black line) by roughly 10 12 m 2 during the whole period of the present experiment. (A similar bias seen in the 20C3M is not shown.) On the other hand, the total sea ice area in the AS_ICE run 
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b. Ice-albedo feedback
Summertime increases can be seen in the time series of the sea ice volume anomaly (green line in Fig. 2b) . Thus, the summertime heat gain in the ocean-sea ice system is enhanced for cases in which the SIC data are assimilated. Our term balance analysis of the heat budget equation shows the dominant role of surface fluxes in this heat gain. Figure 3 shows that, in the HC_ICE run, the summertime surface heat flux increases in the eastern and western Arctic Ocean, where the SIC decreases. The decrease in sea ice (initiated by the assimilation of the SIC data) causes an increase in summertime surface heat gain and reduced sea ice cover. This fact indicates that the ice-albedo feedback (Curry et al. 1995) works better in the HC_ICE run. Note that the strength of this feedback basically depends on the difference in albedo between sea ice and the ocean, which in this study is determined on the basis of observations.
c. Sea level pressure anomaly
Recent studies have indicated that a dipolar anomaly defined as the second leading EOF mode of the sea level pressure field promotes sea ice export from the Arctic Ocean to the Greenland Sea and thus contributes to a sea ice reduction in the Arctic Ocean both in summer and winter (e.g., Watanabe et al. 2006) . Figure 4 maps difference in sea ice transport and sea level pressure between the hindcast experiments. The low pressure anomaly around the Taymyr Peninsula generates a sea ice velocity anomaly toward the Atlantic Ocean and a divergence anomaly of sea ice in the central Arctic Ocean. These features are consistent with previous reports and work to retain the reduced sea ice anomaly as initialized, although a dipolar structure is not clearly defined in our result.
In addition, Fig. 4 shows a divergence anomaly of sea ice in the East Siberian Sea and a convergence around the Chukchi Sea in both summer and winter. Since the water near the Chukchi Sea is relatively warm (as it is influenced by Pacific water), these anomalies work to melt sea ice. Hence a positive feedback process is present in association with horizontal transport of sea ice in the eastern Arctic Ocean, which reduces the bias of sea ice in the simulation. Note that the transport through the Bering Strait varies seasonally between 0.4−1.3 Sv in our experiments, which is in basic agreement with observational reports (cf., Woodgate et al. 2005 ). Ikeda et al. (2003) suggested that in autumn, winter and spring, a decrease of sea ice increases the amount of low level cloud, which causes a decrease of upward longwave radiation on the surface, while, in summer, it generates a decrease of cloud cover, which causes an increase of incoming short wave radiation. These respective processes result in a further decrease of sea ice (ice-cloud feedback). Though the analysis of Ikeda et al. (2003) considered long-term trends over decadal time scales, this feedback process can also be effective on the interannual time scale.
d. Ice-cloud feedback
In our result, the low level cloud cover is slightly increased by the assimilation (HC_ICE-HC_CTL) in spring, summer, and autumn (~1%) but not in winter. The increased cloud cover during the sunlit portion of the year induces both an increase in longwave radiation and a decrease in shortwave radiation to the ocean, which results in little change in the surface radiation budget. The ice-cloud feedback is, therefore, not identified in our result. Moreover, increased outgoing latent and sensible heat fluxes in association with the relatively warm surface temperature in the HC_ICE run reduce the anomalous heat storage as initialized by the assimilation. Note that both the spatial pattern and the annual march of cloudiness in the Arctic Ocean from our result are broadly consistent with previous studies (e.g., Wang and Key 2003) .
e. Beaufort Gyre
Recent studies indicate the importance of the feedback process associated with the ocean circulation in reducing sea ice cover. In the Beaufort Sea, the delayed development of wintertime sea ice cover causes a marked penetration of the momentum flux from the atmosphere into the ocean through the sea ice cover, leading to a strengthening of the Beaufort Gyre. In the west of the anticyclonic gyre, northward heat transport affected by the warmer Pacific water is enhanced and eventually suppresses the development of the sea ice cover (Shimada et al. 2006) . For December 1993 and 1994 the hindcast experiments exhibit the presence of a negative anomaly in sea ice thickness (of ~−14 cm), a positive anomaly in the southward sea ice velocity (of ~10 cm s , 73°N−77°N) . These results are consistent with the above scenario. However, the effect of the Pacific water is seen in the East Siberian Sea in our result, instead of in the Western Canadian Basin. This is possibly due to model bias such that the water flowing from the Pacific Ocean into Arctic Ocean tends to affect the western region more than in the real ocean, which is a common aspect of low resolution ocean GCMs (Steiner et al. 2004) . Accordingly, the reported feedback loop in the Canadian Basin is not established in our result.
Summary and discussion
An experiment to assimilate sea ice concentration (SIC) data has been performed using an atmosphere-ocean-sea ice coupled model. The positive bias of SIC in the East Siberian Sea and the Beaufort Sea is reduced in summer in an experiment that assimilates SIC data. In the following hindcast experiment, the sea ice distribution is successfully improved for 3−4 years after initialization by the assimilation. Our result shows that the heat storage in both sea ice (due to the volume anomaly) and in the ocean surface layer, as initialized by the assimilation, plays a central role in this improvement to the hindcast experiment. In addition, we have analyzed the contributions from positive feedback processes causing sea ice reduction as indicated in previous studies. The ice-albedo feedback (Curry et al. 1995) and the feedback via the dipolar anomaly of the sea level pressure field (e.g., Watanabe et al. 2006) , as reproduced in our model, both contribute to an improved sea ice field. On the other hand, ice-cloud feedback (Ikeda et al. 2003) does not operate in our result since the change in cloud amount associated with sea ice reduction is relatively small. Note that other studies suggest a negative trend from wintertime cloud (i.e. a negative feedback on sea ice reduction) in recent years (e.g., Wang and Key 2003) . Also, feedback via the Beaufort Gyre as proposed by Shimada et al. (2006) fails to close the loop in our model due to the westward bias of Pacific water flowing through the Bering Strait.
The forcing process of the dipolar anomaly on sea level pressure has not been highlighted in previous observational studies.
We demonstrate an ability to analyze this process by using a coupled simulation, an approach that should deepen our understanding of the whole feedback process. Besides, an improvement to cloud modeling in the Arctic Ocean is a key requirement (e.g., Gorodetskaya et al. 2008) , whereas model bias of the Pacific water signal is expected to be removed by resolving the baroclinic eddies (Watanabe and Hasumi 2009 ). In addition, our results suggest that the use of more realistic sea ice models with non-zero heat capacity would enhance the improvement introduced by the assimilation. Realistic reproductions of cloud activity, the feedback via the Beaufort Gyre and sea ice heat storage should lead to substantial advances in the modeling of the Arctic Ocean climate.
Analysis and prediction studies of the Arctic Ocean using atmosphere-ocean-sea ice coupled models of the type used here should be useful to estimate the influence of global warming. It has been reported that sea ice reduction was accelerated during the 21st century and even catastrophic reductions have been suggested (e.g., Shimada et al. 2006) . Further improvement of the coupled model performance is required and observational studies that fully describe the feedback processes in the Arctic Ocean need to be performed.
